Abstract: A method of ocean color data processing using the combined near-infrared (NIR) and shortwave infrared (SWIR) bands for atmospheric correction for the Moderate Resolution Imaging Spectroradiometer (MODIS) on Aqua is proposed. MODIS-Aqua has been producing the high quality ocean color products in the open oceans, but there are still some significant errors in the derived products in the coastal regions. With the proposed NIR-SWIR combined algorithm, MODIS ocean color data can be processed using the standard (NIR) atmospheric correction algorithm for the open oceans, whereas for the turbid waters in the coastal region the SWIR atmospheric correction algorithm can be executed. The turbid water index developed by (Remote Sens. Environ. 110, 149-161 (2007)) is computed prior to the atmospheric correction for the identification of the productive and/or turbid waters where the SWIR algorithm can be operated. For non-turbid ocean waters (discriminated using the turbid water index criterion), the MODIS data are still processed using the standard (NIR) algorithm. The NIR-SWIR combined algorithm has been tested and evaluated. Two examples from MODIS-Aqua measurements along the U.S. and China east coast regions show improved ocean color products with the new approach. In particular, there are no obvious data discontinuities between using the NIR and SWIR methods. Therefore, with the NIR-SWIR combined approach for the MODIS ocean color data processing, good quality ocean color products can be derived both in clear (open) oceans as well as for turbid coastal waters.
Introduction
The ocean color satellite sensors Sea-viewing Wide Field-of-view Sensor (SeaWiFS) [1] and the Moderate Resolution Imaging Spectroradiometer (MODIS) [2] have provided us a view of chlorophyll patterns and ocean biospheres on global scales by using the advanced atmospheric correction algorithm for data processing [3, 4] . For the global open oceans, both SeaWiFS and MODIS-Aqua have been producing high quality ocean color products [1, 5, 6] , and these data have been used by researchers and scientists worldwide to study and understand ocean physical, optical, and biological changes and their effects on climatic processes. For the open ocean, the atmospheric correction for the SeaWiFS and MODIS has been carried out using the two near-infrared (NIR) bands with assumption of the negligible ocean contributions (black ocean) at the two NIR bands [3, 4] . However, in coastal regions, the current standard (NIR) data processing technique frequently produces considerable errors in the derived products due often to very turbid ocean waters for which the ocean has significant radiance contributions at the NIR bands [7] [8] [9] [10] [11] . The current SeaWiFS/MODIS algorithm has implemented a method to account for the NIR ocean contributions, based on a model of the spectral shape for particle backscattering coefficient in coastal waters [11] . Over the turbid ocean waters, however, there are still significant errors in the satellite-derived ocean color products due to model limitations for the complex turbid waters. In a recent development, an atmospheric correction algorithm using the shortwave infrared (SWIR) bands has been proposed [10, 12] and demonstrated using the MODIS-Aqua measurements in the China east coastal region where waters are consistently extremely turbid [13] . Unfortunately, SeaWiFS does not have the SWIR bands. Although the SWIR method shows improved ocean color products in the coastal regions, its performance in the non-turbid ocean waters is usually worse than the standard (NIR) method with significant noise in the derived products. This is due mainly to the fact that the MODIS SWIR bands are designed for the land and atmosphere applications with substantially lower sensor band signal-noise ratio (SNR) values. For accurate ocean color products, much better sensor SNR values for the SWIR bands are required [12] . In addition, atmospheric correction using the SWIR bands often produces larger uncertainties than results from using the NIR bands, in particular, for cases of the maritime aerosols [12] . Open oceans are usually dominated with the maritime aerosols [6, 14, 15] . Therefore, for accurate MODIS ocean color data processing at each pixel level, the products for non-turbid waters should be produced using the standard (NIR) atmospheric correction algorithm, while for turbid coastal waters ocean color products should be derived using the SWIR approach.
In this paper, we describe and demonstrate a NIR-SWIR combined method for the atmospheric correction for the MODIS ocean color data processing. Following the recent work of [16] , pixels in ocean regions with significant ocean NIR contributions (i.e., turbid waters) can first be discriminated using MODIS measurements at the NIR and SWIR bands. The turbid water detection is operated prior to the atmospheric correction procedure and is very efficient [16] . For the identified turbid water pixels, the SWIR atmospheric correction algorithm can then be applied. For the most other pixels (nonturbid ocean waters), the standard (NIR) atmospheric correction algorithm can be employed. Thus, while the ocean color products in the coastal regions can be improved using the SWIR method, the MODIS high quality ocean color data in open oceans can be continuously produced. We describe the NIR-SWIR combined approach and provide results and discussions for testing and evaluation of the algorithm performance in coastal and open ocean regions with examples from MODIS-Aqua measurements along the U.S. and China east coastal regions.
The NIR-SWIR Combined Algorithm

Turbid Water Index
Ocean waters in coastal regions are typically very productive, and often turbid. As such, in these regions the ocean could have a significant reflectance contribution at the NIR wavelengths (non-black) [7] [8] [9] [10] [11] . Recently, [16] developed a method for the detection of the turbid waters using the turbid water index that are computed from the MODIS-measured radiances at the NIR and SWIR bands. The turbid water index, T ind (λ i ,λ j ), can be derived as [16, 17] :
where Δρ RC ( ) λ l ( ) is the Rayleigh-corrected (RC) top-of-atmosphere (TOA) reflectance at a given wavelength [16] , i.e.,
and ρ t λ l ( ) and ρ r λ l ( ) are the sensor-measured TOA reflectance (with gas absorptions corrected) and the reflectance contributed from the molecules (Rayleigh scattering) [18, 19] 
Detection of the turbid waters using the parameter T ind (748,1240) is based on the fact that for the productive ocean waters the ocean has a non-zero contribution at the NIR band 748 nm [16] , while the black ocean is usually still true for the SWIR bands [10, 20] . In Eq. (3), the ratio of reflectance at 748 and 1240 nm provides the turbid water detection, while the exponential term normalizes for the aerosol component in the atmosphere. In fact, Eq. (3) can also be approximated as [16] T ind 748,1240
where t(748)ρ w (748) and ρ A (748) are the TOA water-leaving reflectance [3] and aerosol reflectance (including Rayleigh-aerosol interactions) [3, 21, 22] at the wavelength 748 nm, respectively. Note that polarization effects are also included for both the Rayleigh ρ r λ l ( ) and aerosol ρ A λ l ( ) lookup tables [16, 17, 21] . Therefore, for the turbid waters, T ind (748,1240)
> 1 due to a non-zero ocean contribution at the band 748 nm, whereas for the open oceans T ind (748,1240) ~1 because of the black ocean at the NIR bands (i.e., ρ w 748 ( ) ~0).
A Procedure for the NIR-SWIR Combined Atmospheric Correction
The turbid water index T ind (748,1240) can be used to discriminate productive and/or turbid ocean waters where there are non-zero NIR ocean contributions. Thus, with the detection of the turbid waters the SWIR atmospheric correction can be used for deriving ocean color products [12] , and has shown significant improvements in MODIS ocean color products for cases with extremely turbid ocean waters [13] . [16] used a threshold of T ind (748,1240) >1.1 for the identification of the turbid waters using MODIS-Aqua measurements. The turbid water detection algorithm is quite effective and can be operated prior to the atmospheric correction procedure. However, we found from various tests that, to use the T ind (748,1240) as a parameter for the algorithm switch between the NIR and SWIR methods, a threshold of 1.3 is the most appropriate choice due mainly to noise in T ind (748,1240) when derived from SWIR bands. In addition, for cases with not too large NIR ocean contributions, the current modification [11] in accounting for the NIR ocean contributions usually works well. A study from cases along the U.S. east coast region (section 3.1) shows that, for cases with 1.1 < T ind (748,1240) < 1.3, mean chlorophyll-a difference is usually within 5% between using the NIR and SWIR methods, while the mean difference is > 25% for cases of T ind (748,1240) ≥ 1.3. Similar results are also obtained for the normalized water-leaving radiance at 443 nm. Due to considerably lower SNR values for the MODIS SWIR bands, it is generally better to use the NIR atmospheric correction algorithm for deriving MODIS ocean color products if it is applicable. Therefore, an approach using the T ind (748,1240) parameter for the NIR-SWIR combined atmospheric correction procedure for MODIS ocean color data processing is proposed and summarized schematically as in Fig. 1: (1) With inputs of the MODIS L1B data, the corresponding MODIS geo-location data, and the ancillary data, the gas absorptions (e.g., water vapor) are corrected for the MODISmeasured TOA reflectances. This produces the MODIS ρ t λ l ( ) values. It is noted that, in the NIR-SWIR procedure, one may easily change the T ind (748,1240) threshold for some specific regional data processing and applications.
Algorithm Performance Evaluation using MODIS Data
The proposed NIR-SWIR combined atmospheric correction approach has been implemented in the MODIS ocean color data processing and tested extensively using MODIS-Aqua measurements in various coastal regions. Here, we provide two examples from MODIS-Aqua measurements along the U.S. and China east coast regions for algorithm performance evaluation and assessment. ). Note that the line across the Outer Banks indicated as "Line A" in Fig. 2(a) is used later for a quantitative study for the algorithm performance (section 3.3). Data from "Region B" along the coast in Fig. 2(b) are used for the data noise evaluation (later in this section). As discussed in the previous section, for deriving the ocean color results using the NIR-SWIR combined approach (Figs. 2(i)-2(l) ), values of the turbid water index T ind (748,1240) were first computed for each pixel prior to the atmospheric correction. The MODIS-derived T ind (748,1240) image for this case (U.S. east coastal region) is shown in Fig. 3(a) , where pixels with T ind (748,1240) ≥ 1.3 are masked in pink. The T ind (748,1240) value in Fig. 3 is scaled from 0.8-2.0. Thus, for the NIR-SWIR combined data processing (results in Figs. 2(i)-2(l)), the SWIR atmospheric correction is operated for the regions that are masked in pink in Fig. 3(a) , while the standard (NIR) method is applied for all the other ocean regions.
Example Cases along the U.S. East Coast Region
Judging the results by examining overall image quality (e.g., data smoothness, number of missing data, etc.), Fig. 2 shows that, while the standard (NIR) method produces good quality ocean color products further offshore, the standard data processing outputs results with Fig. 2(b) for the data noise evaluation for the MODIS-derived ocean color product of (a) nLw(443) and (b) Chl-a. noticeable noise and significant missing data in the coastal regions, e.g., regions in and/or around Chesapeake Bay, Outer Banks, and Delaware Bay. Alternatively, results in Figs. 2(e)-2(h) show that the SWIR algorithm can significantly improve the ocean color products in the coastal near-shore regions, but further offshore there is substantial noise and data dropout in the derived products, e.g., results from regions around the northern Delaware Bay. Thus, the advantages of using the NIR-SWIR combined method for the MODIS ocean color data processing are readily demonstrated in Figs. 2(i)-2(l) . The new method has not only produced improved ocean color products in near-shore coastal regions, it also has preserved the high quality data products in further offshore. Figure 4 provides examples of the data noise evaluation for the SWIR-derived products along the U.S. east coastal region (noted "Region B" in Fig. 2(b) ). These are comparison results in histogram that are derived using the standard (NIR) and SWIR methods for products of nLw(443) (Fig. 4(a) ) and Chl-a (Fig. 4(b) ). These results show a considerably increased standard deviation (STD) (i.e., noise) in the MODIS SWIR-derived nLw(443) compared with that from the standard (NIR) method (Fig. 4(a) ). In particular, for cases with low nLw(λ) values (e.g., nLw(443) in Fig. 4(a) ), the SWIR method often produces more nLw(λ) < 0 cases than results from the standard (NIR) method. However, Fig. 4(b) shows a slightly increased STD value in the MODIS SWIR-derived Chl-a product. In this case, the noise level in the MODIS-derived Chl-a product is really comparable for both the standard (NIR) and SWIR methods.
Example Cases along the China East Coast Region
The China east coastal region contains some of the most consistently highly turbid waters found in the global ocean. (Fig. 2) because of the problem with sensor saturation at band 667 nm in the various regions (e.g., the Hangzhou Bay). It is also noted that, compared to results in Fig. 2 , the value of nLw(λ) increases substantially and the upper-limit in images is now doubled, which is scaled from 0 to 6 (mW cm Fig. 3(b) ) are processed using the SWIR algorithm, while all others (with T ind (748,1240) < 1.3) are processed using the standard (NIR) atmospheric correction algorithm.
Along the China east coast, the ocean is typically sediment-dominated [28] for which the MODIS-measured nLw(λ) values increase as a function of wavelength from the blue to the green band, and nLw(λ) values for some regions (e.g., the Hangzhou Bay) actually peak at the red band [13] . For such extremely turbid waters along the China east coast, the SWIR method has produced reasonable ocean color products (Figs. 5(e)-5(h)) compared with results from the standard (NIR) method (Figs. 5(a)-5(d) ), in particular, data from regions in the Hangzhou Bay, Yangtze River Estuary, as well as inland Tai Lake. In these regions, the standard (NIR) method fails entirely. Further offshore, however, we can clearly see considerable noise and data dropout associated with products derived from the SWIR method (Figs. 5(e)-5(h) ). Thus, the NIR-SWIR combined algorithm has again produced good quality data in both offshore and inshore (Figs. 5(i)-5(l) ).
Quantitative Evaluations
We have studied the performance of the NIR-SWIR combined algorithm quantitatively, in particular, the product continuity between using the NIR method and SWIR approach. Figure  6 provides examples of these evaluations, focusing particularly on the data continuity with the algorithm switch between the NIR and SWIR methods. Figure 6 shows the MODIS-derived results as a function of the latitude in the line plot selected from the case along the U.S. east coast region, which is indicated as "Line A" in Fig. 2(a) (across the Outer Banks). Figures  6(a)-6(c) are the retrieved normalized water-leaving radiance nLw(λ) at 443, 551, and 667 nm across the line using the standard (NIR) method, the SWIR method, and the NIR-SWIR combined method, respectively, while Fig. 6(d) compares results of the chlorophyll-a concentration using all three methods. In Fig. 6(d) , values of the turbid water index T ind (748,1240) that were used to make switch between the NIR and SWIR methods for the NIR-SWIR combined algorithm are also provided (scale indicated in the bottom right side). Fig. 6(d) ). The nLw(λ) values around the middle point of the line in Fig.  6 (a) are either missing or with significant errors (biased low) due to the very turbid water in the Outer Banks. Using the SWIR method for the Outer Banks region, the retrieved nLw(λ) values are much improved (Fig. 6(b) ). However, for cases with T ind (748,1240) <1.3 ( Fig.  6(d) ), results derived from the SWIR method in Fig. 6(b) show slight differences as from the NIR method in Fig. 6(a) . Figure 6 (c) presents the results from the NIR-SWIR combined method, showing the same data quality offshore with improved products in the near-shore turbid waters. There are no obvious data discontinuities between using the NIR and SWIR methods. Furthermore, Fig. 6(d) has demonstrated the differences in the MODIS-derived chlorophyll-a values using the three approaches. The NIR-SWIR combined method produces continuous values for the chlorophyll-a product across the non-turbid and turbid waters. In addition, compared with the results from the NIR method, the chlorophyll-a values are substantially reduced using the SWIR algorithm in the Outer Banks (i.e., inshore waters). Figure 7 provides quantitative comparisons in histogram using the three different algorithms for the MODIS-derived ocean color products in the Outer Banks region (around "Line A" in Fig. 2(a) ). Figures 7(a)-7(c) show histogram results for the MODIS-derived nLw(λ) at 443, 531, and 667 nm, respectively, while Fig. 7(d) is results of the MODIS Chl-a product. Each plot in Fig. 7 has three curves corresponding to the MODIS data processed using the standard (NIR), SWIR, and NIR-SWIR combined method. Results in Fig. 7 demonstrate that, for the nLw(λ) product, the standard (NIR) and SWIR methods produce values consistently (but with some slight differences) at the non-turbid waters (lower value peaks), whereas for the turbid waters (in the Outer Banks) there are significant differences in the derived nLw(λ). It is noted that, however, for the nLw(443) data in Fig. 7 (a) the standard (NIR) algorithm produced a peak in histogram with nLw(443) <0. For the Chl-a comparison, results are again consistent for the non-turbid ocean waters with histogram peaked at ~1 (mg/m 3 ), but there are considerable differences in the MODIS-derived Chl-a values for the turbid waters (in the Outer Banks). For the Outer Banks region, the SWIR method has a Chl-a peak at ~5-6 (mg/m 3 ), while the standard (NIR) method produced large Chl-a values extended up to ~20-30 (mg/m 3 ). Thus, results in Fig. 7 demonstrated that the NIR-SWIR combined approach has produced the MODIS ocean color products consistently with the standard (NIR) and SWIR methods in the non-turbid and turbid waters, respectively.
Conclusions
We have presented in here an approach for MODIS ocean color data processing using combined NIR and SWIR bands for atmospheric correction. In general, for the global open oceans and offshore waters, MODIS-Aqua has been producing good quality ocean color products using the standard (NIR) atmospheric correction algorithm. However, for the coastal waters, further improvements in the products are required, due to the occurrence of very turbid waters for which the ocean is non-black at the NIR bands. For turbid waters, the MODIS SWIR bands can be used for atmospheric correction [10, 12, 20] . Indeed, the SWIR algorithm has been developed and demonstrated to produce reasonable ocean color products in the China east coast where waters are consistently extremely turbid [13] . On the other hand, because of substantially lower sensor SNR values for the MODIS SWIR bands, it is required that the SWIR algorithm be applied only to turbid water cases (pixels), whereas for the open oceans/offshore waters the data are still processed using the NIR algorithm. Using the turbid water index T ind (748,1240) [16] as the indicator for productive and turbid ocean regions, we have developed an approach using the NIR-SWIR combined atmospheric correction algorithm for MODIS ocean color data processing.
The performance of the NIR-SWIR combined approach has been tested and evaluated and two examples from MODIS measurements acquired along the U.S. and the China east coast regions are provided. Results show that using the NIR-SWIR combined method the MODIS-derived ocean color products have been improved in near-shore turbid waters, while at the same time high quality products in offshore waters have been preserved. We have particularly looked into the data continuity issue using the new approach, demonstrating that there are no obvious discontinuities in the derived products between using the NIR and SWIR methods. The data products from the NIR-SWIR combined method appear to be very reasonable. Therefore, the new approach in the data processing can be used for continuously and simultaneously producing good quality MODIS ocean color products in offshore waters and in the global open oceans, as well as improved data along near-shore coastal regions.
